Abstract: A computationally feasible DFT/CCSD(T) correction scheme is proposed for precise calculations (close to the CCSD(T) accuracy) of weakly interacting molecular clusters. This approach formally falls within the DFTD class of methods (empirically corrected DFT methods), however, there are several important differences between the DFT/CCSD(T) scheme proposed here and a standard DFTD approach: (i) it is parameter free, (ii) it does not use any damping functions, and (iii) the error of DFT is assumed to be anisotropic in general. In addition, the proposed DFT/CCSD(T) correction scheme allows the analysis of assumptions commonly used in the DFTD calculations. Application of this method on the ethylene-benzene and benzene-benzene complexes leads to the conclusion that interaction energies obtained with the DFT/CCSD(T) correction scheme can be obtained with a near reference level accuracy with an error not exceeding 0.1 kcal/mol. A proper choice of a reference set is shown to be more important than the anisotropy of the DFT/CCSD(T) correction.
INTRODUCTION
One of the biggest drawbacks of the current density functional theory (DFT) is its inability to account for the dispersion interactions. It is, therefore, understandable that there is an ongoing research aimed at the inclusion of the dispersion interaction into DFT. The work in this direction can be divided into several classes: (i) finding a truly non-local exchange-correlation functional that can account for the dispersion interaction in a physically understandable manner (e.g., the doubly local density approximation or the Kohn's scheme, (Refs. [1] [2] [3] [4] [5] ) (ii) intermolecular potentials based on the symmetry-adapted perturbation theory with dispersion energies from the time-dependent DFT [6] [7] [8] and (iii) describing the dispersion as the additional R -6 term in an empirical way similar to that commonly used in the force-field calculations (these methods are commonly denoted as "DFTD" or "DFT-D", e.g., Refs. [9] [10] [11] [12] [13] [14] ).
A large progress has been achieved recently in all classes outlined above; each of these approaches has numerous advantages but also some disadvantages. The methods from the first two classes mostly suffer from relatively large computational demands, and their applications on the large molecular systems were not achieved yet. On the contrary, the methods from the third class (the DFTD methods) are computationally simple, however, the underlying physics is not very clear; that is connected to some drawbacks discussed below.
*Address correspondence to this author at the Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic and Center for Biomolecules and Complex Molecular Systems, Flemingovo n. 2, CZ-16610 Prague, Czech Republic; Tel: +420-220410324; Fax: +420-220410320; E-mail: ota.bludsky@uochb.cas.cz Several DFTD schemes have been recently defined (see, e.g., Refs. [10] [11] [12] [13] [14] ). The inter-molecular interaction energy is always calculated as E DFTD = E DFT + E (1) where E is an inter-molecular energy correction (usually, E is denoted as E disp ). All these schemes assume a pair-wise representability of the inter-molecular energy corrections:
where N a and N b are numbers of atoms in the corresponding subsystems. Following the original strategy of Ahlrichs at el. [15] the correction term E ij , represented by a leading term of the dispersion interaction, is used together with an artificial damping function in order to switch off the dispersion interaction at shorter nuclear separations:
Here, C ij and R ij are the dispersion coefficients and distances for atoms i and j, and f damp stands for the damping function. Various forms of the damping function were used (for details see, e.g., Ref. [16] ). While the use of the damping function is believed to be essential for the DFTD model, its particular form cannot be physically justified; clearly, the performance of the model depends on the choice of the damping function, as it has been shown (e.g., Ref. [11] ). In addition to the difficulties with the choice of the damping function form, the inter-atomic coefficients C ij of the R -6 term must be derived. Several strategies, mostly relying on some combination rules, were suggested and used within the DFTD framework, assuming isotropic atomic polarizabilities.
As it has been pointed out previously [10] , E is just a model-dependent quantity and it has no physical meaning. Therefore, E depends on the exchange-correlation functional and on the basis set used in the model. Success or failure of the DFTD model depends on the fit of the C ij coefficients and damping function parameters in Equation (3) . In addition, the reliability of the DFTD correction schemes depends on the validity of assumption of the isotropy of atomic polarizabilities. Clearly, within the DFTD scheme, the E term does not account only for the DFT inability to describe any dispersion interaction; instead, the R -6 term together with the damping function is a correction of the DFT method for the description of weakly interacting systems. The choice of the particular functional form of Eq. (3) may, at least in principle, simplify the fitting procedure, however, it introduces an artificial constraint on the parameter space. The reliability of the DFTD schemes depends on the fitting procedure used, including the definition of the training set.
It is apparent that the definition of E in Eq. (1) can be generalized: E includes all the DFT errors in the description of the weakly interacting systems. The reference system, for which precise calculations (e.g., CCSD(T) with a sufficiently flexible basis set) are feasible, can be used for the definition of E, and this correction can be applied to improve the DFT description of the large systems that can only be described at the DFT level. In this contribution we propose a computationally feasible DFT/CCSD(T) correction scheme that can be used for precise calculations (close to the CCSD(T) accuracy) of weakly interacting large molecules. This approach formally falls within the DFTD class of methods (the empirically corrected DFT methods), however, there are several important differences between the DFT/CCSD(T) scheme proposed here and general DFTD approach. (i) The artificial assumption about the particular form of Eq. (3) is lifted, instead, all the deficiencies of the DFT method for the description of weakly interacting systems are controlled purely numerically (using an interpolation method), by correcting the DFT to the CCSD(T) accuracy. (ii) The deficiencies of DFT are assumed to be anisotropic in general, (iii) the DFT/CCSD(T) correction scheme is parameter free, its accuracy depends only on the choice of a reference system (equivalent of a training set in DFTD).
In this paper the importance of these generalizations is investigated and discussed. It should be stressed that the DFT/CCSD(T) correction scheme should not be viewed as the dispersion correction. The dispersion energy together with the electrostatic interaction certainly dominates the DFT correction for the larger inter-system separation, however, when electron densities of the interacting systems start to overlap, there are other sources of error than the dispersion effecting the DFT performance. DFT/CCSD(T) correction scheme represents a suitable framework for analysis of the DFT error, and it can help in further development and improvement of the DFTD approaches. The validity of assumptions adopted in the currently implemented DFTD schemes, such as the parameter transferability or isotropy of E, are analyzed using the proposed correction scheme. Last but not least, it is demonstrated that the DFT/CCSD(T) scheme is capable to reproduce the results of the CCSD(T) calculations for relevant parts of the potential energy surface (PES) with the DFT computational demands.
METHODS -DFTD Method
Quite generally, the correction function E = E CCSD(T ) E DFT can be expressed in terms of inter-molecular coordinates such as the monomer-monomer distance R and angular parameters describing their mutual orientation. In the standard DFTD scheme (Refs. [10] [11] [12] [13] [14] ) the correction is sought as a pair-wise approximation to E replacing the R, -dependence by sum over the atom-atom distances (see Eq. 2). This approximation was found reasonably accurate for the determination of the equilibrium structures and interaction energies of most weakly bound molecular complexes. Nevertheless, failure of this approach becomes inevitable in the repulsion region where angular dependences start to reflect the local symmetry of the overlapping electronic densities of interacting molecules. Thus, in our formulation of the DFTD method we keep the -dependence of the atomic pair-wise corrections E R,
where ij are the -dependent pair-wise correction functions and r ij is the distance between atoms i and j belonging to different monomers. Similar to the "standard" onedimensional approaches we assume R 6 + R 8 asymptotic behavior of the -dependent correction surfaces. The parameters of correction functions in the DFTD scheme are usually obtained from high-level ab initio calculations (typically at the CCSD(T) level) by a least-squares fitting of the equilibrium geometries and energies of the carefully selected model structures (training set). Basically, the parameters of the ij functions can be determined in similar way. In -dependent formulation, however, global potential energy surfaces (PES) of model systems are required, and the number of parameters would easily exceed manageable size. Here we propose a more general formulation of the DFTD scheme -andependent DFTD approach referred as the DFT/CCSD(T) or -DFTD computational scheme -defined in the following way: (i) the counterpoise corrected PES calculation of the model systems at the DFT and CCSD(T) levels, (ii) transforming correction surfaces E from R, to the r ij , ij coordinate space using the Reciprocal Power Reproducing Kernel Hilbert Space (RP-RKHS) interpolation [17, 18] , (iii) evaluating the E for the real system using the correction functions obtained in the previous step. Note that in the last step we assume the inter-system transferability of the DFT/CCSD(T) corrections for each atomic type. Actually, the validity of this assumption is essential for all the DFTD methods.
To perform the R, r ij , ij transformation one has to define the relationship between the global ( ) and local ( ij ) sets of the angular parameters describing the monomermonomer and atom(i)-atom(j) orientations, respectively. The first step is the attachment of an atom-fixed frame to the atom. The alignment of the atom-fixed axes should respect the local environment of the atom and is different for each atomic type in molecule (H, C(sp), C(sp2), etc.). This can be achieved by various means, e.g., considering attached bonds or by using the electron density around atoms. In the following we will define unambiguously the atom-fixed frame associated with each atom type. The proposed computational strategy for the hydrogen and carbon (sp 2 ) atoms is outlined below on example of the H 2 and ethylene molecules.
H 2 ...H 2
Let us discuss in detail the proposed correction scheme using the H 2 dimer as an example. At a fixed monomermonomer geometry the correction energy is expressed in a pair-wise additive approximation E R,
where R is the distance between the centers of masses of the hydrogen molecules, represents the set of the angular parameters , , which describe the monomer-monomer orientation (see Fig. (1) ), and r ij is the distance between hydrogen atoms i and j. The alignment of the atom-fixed axes is chosen so that the z axis coincides with the direction of the H-H bond. The ij angular parameters can be approximated by provided that R is large with respect to the intramonomer H-H distance (i.e., E R, ( ) is a slowly varying function of ). This approximation greatly simplifies the evaluation of the correction functions since they can be treated independently for each . Thus, Eq. 5 now reads E R, ( )= HH r 13 ( )+ HH r 14 ( )+ HH r 23 ( )+ HH r 24 ( ), (6) where the contributions from the i-th and j-th hydrogen atoms ij were replaced by an "averaged" correction function HH . The correction curve HH is represented using the RP-RKHS functional form
with the kernel function q r 2 , r k
where r is an the H-H distance, r k are yet unspecified grid points in r, r > = max r, r k ( ) , r < = min r, r k ( ) , and k are interpolation coefficients. The interpolation coefficients k are obtained as follows: for a fixed monomer-monomer orientation we calculate the correction energies E R, ( ) on a chosen grid in R; each grid point in R generates four H-H distances r ij thus inducing four grids in r; the grid points in r are then substituted into the RP-RKHS functional form of the correction curve (Eqs. 7 and 8); finally, the four obtained functional forms of HH together with the corresponding correction energies E R, ( ) are substituted into the pair-wise additive approximation (Eq. 6). This leads to a system of linear equations for k , which is solved numerically using the Singular Value Decomposition (SVD) algorithm.
Fig. (1).
Definition of the angular parameters , , and describing the monomer-monomer orientation.
C 2 H 4 ...H 2
Evaluation of the C(sp 2 )-H correction curves proceeds in a very similar way as described for the H 2 ...H 2 reference system. The total correction energy is expressed as a sum of the two terms corresponding to the H-H and C-H pair-wise interactions E R,
E HH is calculated using the correction surface obtained from the H 2 -H 2 reference system (Eq. 6). The C-H contributions are evaluated as
where R is the distance between the centers of masses of the ethylene and hydrogen molecules, r ij is the distance between the carbon atom i (C 2 H 4 ) and hydrogen atom j (H 2 ), and represents the set of the angular parameters , , , describing the monomer-monomer orientation ( , , are defined in analogous way as in Fig. (1) , is angle of rotation of the ethylene molecule around the C-C bond).
C 2 H 4 ...C 2 H 4
The last step in this scheme is evaluation of the C(sp 2 )-C(sp 2 ) correction. The total correction energy is expressed as a sum of the three terms corresponding to the H-H, C-H, and C-C pair-wise interactions E R, 
Isotropic S Model
In order to estimate an anisotropy of the DFT/CCSD(T) correction we employed the -fixed calculations using the reference set structures depicted in Fig. (2) . These structures correspond to the "sandwich" (S) arrangement of the monomers that maximizes evaluated interactions (e.g., C-C for the sandwich structure of the ethylene dimer). The structures depicted in Fig. (2) are a natural choice for obtaining the one-dimensional correction curves using the RP-RKHS interpolation that we denote S . Calculations of the onedimensional S corrections are straightforward since one only needs to evaluate one potential energy curve per a reference system. Provided that the atomic pair-wise corrections are isotropic ( independent) these curves are exact counterparts of the DFTD corrections. Obviously, the S model preserves all advantages of the standard DFTD approach, but it is presumably much more robust since it does not involve any free parameters to adjust agreement with high level ab initio calculations. Throughout this work we use two reference sets in S calculations: the reference set A consisting of the H 2 …H 2 , H 2 …Eth, and Eth…Eth dimers used also for the anisotropic ( A) -DFTD calculations described in the previous section, and the reference set B consisting of the H 2 …H 2 , H 2 …Eth, H 2 …Bz, and Eth…Bz dimers (Fig. 2) ; the corresponding results will be denoted as S ( A) and S ( B) for the reference sets A and B, respectively. Comparison of the S calculations with reference sets A and B is valuable for providing insight into the nature of the DFT errors, namely the transferability of the DFT/CCSD(T) correction.
Modeling Aromatic Systems
The -DFTD method has been developed mainly for very large systems containing relatively small number of atomic types such as polycyclic aromatic hydrocarbons (PAHs), graphite and carbon nanomaterials, etc. Generalization of the -DFTD method for complex systems containing many atomic types (like, e.g., DNA) is possible in principle, however, it would be highly impractical.
Aromatic hydrocarbons are among the most interesting and intensively studied benchmark systems. Unfortunately, there is no simple aromatic reference system for which high level ab initio calculations of its global PES are currently feasible. Thus, the full (anisotropic) calculations are performed only with the reference set A (see Fig. (2) ).
Considering the reference set A as an example, the calculations for Eth...Bz proceed as follows. A sum of 24 H-H contributions E HH is calculated from the correction surface obtained from the H 2 …H 2 reference system. The angular parameters , , are determined from the H-C bond vectors for each H-H term (the z axis of atom-fixed frame coincides with the direction of the corresponding H-C bond). Similarly, 12 C(Eth)-H(Bz) and 24 C(Bz)-H(Eth) contributions obtained from the H 2 …Eth reference system give E CH using the , , , angular parameters determined from the H-C and C-C bond vectors (the two C-C bonds lying in the C(sp 2 ) plane). Finally, a sum of 12 C-C contributions, E CC , is obtained from the Eth…Eth reference system. The aromatic ring is modeled by ethylene molecules using one ethylene molecule per an aromatic C-C bond. The interaction of two C(sp 2 ) atoms is calculated from four different ethylene molecules oriented in the direction of the attached C-C bonds in an aromatic system. The total correction is given by Eq. (11).
Computational Details
The CCSD(T) [19] calculations were carried out with the augmented correlation-consistent valence-triple-basis set with polarization functions [20] (AVTZ) using the Molpro 2002.6 program suite [21] . The DFT calculations were carried out with the AVTZ basis set employing the PBE, BLYP, and TPSS exchange-correlation functionals [22] [23] [24] [25] and using Gaussian 03 program [26] . Calculated interaction energies were corrected for a basis set superposition error (BSSE) using the counterpoise correction method [27] .
All calculations were performed with fixed monomer geometries. The geometry of Gauss and Stanton (r CC =1.3915 Å, r CH =1.0800 Å) was used for the benzene [28] . The geometries optimized at the CCSD(T)/AVTZ level were used for the ethylene (r CC =1.338 Å, r CH =1.084 Å, = 121.4 deg) and for H 2 (r HH =0.742 Å).
The H-H and C-H correction surfaces were constructed using 4900 (4-dimensional R, , , 
RESULTS

Ethylene…Benzene Complex
The performance of the DFT/CCSD(T) correction scheme was tested for the Eth…Bz dimer. Potential energy curves were calculated for the "S" and "T" complexes (defined in Fig. (3) ) at the CCSD(T)/AVTZ level, and these served as the reference data to compare with DFT/CCSD(T). Minimum energy distances obtained at the -DFTD and CCSD(T)/AVTZ levels are summarized in Table 1 It should be noted that the potential energy curves obtained at the DFT level without any corrections are either purely repulsive (BLYP) or show a very small interaction energy (PBE and TPSS) and a minimum at relatively large distance (Fig. 3) . Regardless the behavior of a particular exchange-correlation functional (whether it is purely repulsive or whether it gives some minimum on the potential energy curve), the -DFTD correction fixes the problem and final equilibrium distances are the same for all functionals investigated. Fig. (3) for a definition.
Interaction energies of the Eth…Bz complex were calculated at the CCSD(T)/AVTZ level and with the -DFTD correction scheme along the potential energy curves of the S and T structures (Fig. 3) . The interaction energies calculated at the geometry of the minimum energy structure (R min = 3.57 and 4.27 Å for the S and T structures, respectively, at the CCSD(T)/AVTZ level) are summarized in Table 2 The largest values of E are found for the BLYP functional; that is about twice as large as for the PBE functional.
The individual components of E ( E = E HH + E CH + E CC ) obtained with various functionals are rather different.
Using the PBE functional results in negligible E HH , moderate E CH , and a majority of E correction comes from E CC . Similarly for the TPSS functional the E HH correction term is negligible, however, the E CH and E CC corrections are of equal importance. The relative importance of the individual E components is significantly different for the BLYP functional. A non-negligible negative E HH correction term indicates that the H-H interaction is too repulsive at the BLYP level. This correction is due to the deficiency of BLYP to describe the interaction of the electron densities around two H atoms and not due to the lack of the dispersion component. When using the BLYP functional, E CH is greater than E CC for the equilibrium S and T geometries. In summary, the PBE and TPSS functionals behave similarly while the BLYP functional is rather different; in fact, this is obvious just from the uncorrected potential energy curves obtained for the individual functionals (Fig. 3) .
In order to investigate the importance of the anisotropic part of the intermolecular energy correction E the interaction between the benzene and ethylene was investigated with the S ( A) -DFTD model. Going from the complete 
Benzene…Benzene Complex
The geometry of the benzene dimer was optimized for the S and T structures using the S ( A) -DFTD method and BLYP functional. The geometries of monomers were fixed, and the D 6h and C 2v symmetry constraints were employed for the geometry optimization of the sandwich (S) and T-shaped (T) structures, respectively. Optimized inter-molecular distances R (R = 3.96 Å for S and R = 5.02 Å for T structure) are in a very good agreement with the data available from literature: 3.9 and 5.0 Å for the S and T complexes, respectively, estimated with the CCSD(T) and large basis set (AVQZ and VQZ basis sets on C and H atoms, respectively) [30] . The same results were obtained at the SCS-MP2/AVTZ* level (AVTZ* basis set consists of AVTZ and VTZ on C and H atoms, respectively) [29] . The geometry of the parallel-displaced (PD) structure optimized previously by Hill et al. [29] at the SCS-MP2/AVTZ* level was used (R 1 = 3.6 Å and R 2 = 1.6 Å, for details see Fig. (1) in Ref. [29] ). Single point energy calculations for the S, T, and PD structures were carried out using the ( A) , S ( A) , and S ( B) correction schemes and the PBE, TPSS, and BLYP functionals. Results are reported in Table 3 .
The results obtained with the -DFTD correction scheme should be compared with the CCSD(T)/AVTZ results. However, the largest coupled clusters calculations reported so far for the S, T, and PD complexes were performed with the modified AVTZ* basis set (defined above) [29] . For the highly symmetrical S structure Podeszwa et al. reported the CCSD(T)/AVTZ+b (AVTZ basis set on all atoms augmented with bond functions) interaction energy -1.583 kcal/mol [31] that is very close to CCSD(T)/AVTZ* value of -1.564 kcal/mol. Therefore, it is likely that the CCSD(T)/AVTZ* values of Hill et al. [29] (used in Table 3 as reference values) are very closed to the not-yet-reported CCSD(T)/AVTZ values and we use the CCSD(T)/AVTZ* results as the reference data to compare with our -DFTD results obtained at the CCSD(T)/AVTZ reference level of theory.
Results obtained for the benzene dimer using the ( A) , S ( A) , and S ( B) correction schemes are in the same relation as found for Eth…Bz, however, the differences between the individual correction schemes are somewhat larger in the case of the benzene dimer. It is apparent from Table 3 
DISCUSSION
It is apparent from the results presented above that within the DFT/CCSD(T) correction scheme any of the tested functionals can be successfully corrected for the description of the weak intermolecular interactions. Compared to the standard DFTD approach, a major advantage of the proposed correction scheme is in its ability to analyze the validity of the individual approximations adopted in a particular model. It is our goal to use the results presented in the previous section and analyze the suitability of a particular reference set, the importance of anisotropy, and the transferability of XY corrections.
The definition of the -DFTD method includes the specification of a reference set (e.g., ( A) or ( B) sets described above), the reference level of theory (CCSD(T)/ ATVZ used here), and the definition of the complexity of the R correction surfaces (either a fully anisotropic correction surface or one-dimensional S correction curves were adopted by us). In general, a (0) model, where the reference set (0) includes just the investigated complexes, represents the exact -DFTD correction scheme within a DFT/CCSD(T) family (e.g., the ( B) correction surface used for the Eth…Bz complex). A hierarchy of the -DFTD schemes is depicted in Fig. (4) . For practical use, however, the -DFTD method requires a more approximate correction scheme than (0) .
There are two possibilities how to reduce this complexity: a reduction of the correction-surface dimensionality and a use of a smaller reference set. First, the dimensionality of the complete R correction surface can be reduced (change along the horizontal direction in Fig. (4) ); the largest reduction possible leads to a one-dimensional -specific correction curve (e.g., R S defined in Fig. (2) ). (Onedimensional -non-specific description is used in the standard DFTD techniques.) The validity of this simplifying approximation depends on the importance of the anisotropy of the DFT/CCSD(T) correction functions XY . Second, changes in the reference set definition (along the vertical direction in Fig. (4) ) may also lead to a substantial simplification of the -DFTD procedure. Validity of this approximation depends on the transferability of the correction functions XY . As it was mentioned already, the advantage of the -DFTD procedure is in its ability to analyze validity of a particular approximation simply by changing the definition of the reference set and by changing the correction-surface dimensionality.
Using the notation summarized in Fig. (4) it is obvious that Table 2 are the same as the values obtained at the reference level). In terms of Fig.  (4) notation the results obtained with the following models are available:
(0) , (1) , S (0) , and S (1) for Eth…Bz and
(1) , (2) , S (1) , and S (2) for the benzene dimer. Note that the (0) results are just the reference level values. The differences between these models are analyzed below. Results reported in the previous section can be analyzed from the point of view of the transferability of the correction functions XY . In the case of Eth…Bz complex the difference due to the reference sets A and B can be discussed for the complete R correction surface. The use of the reference set A, that does not include benzene, leads to an unsystematic error of about 0.1 kcal/mol. A similar difference due to the reference set definition can be observed when the onedimensional R S correction curve is used. Significantly larger (but systematic) differences between the interaction energies obtained within the reference sets A and B are observed for the benzene dimer (only the one-dimensional Tables 2 and 3 it is apparent that the importance of the anisotropy of E increases with the decreasing quality of the reference set. Reducing the dimensionality of the correction surface always leads to the increase of interaction energies: (i)
for Eth…Bz leads to only 0.01-0.08 kcal/mol change, (ii) To gain an additional insight on the importance of the anisotropic part due to the H-H interactions, E HH , evaluated for the individual functionals using the one-dimensional correction curves R S and full R correction surfaces are depicted in Fig. (5) . For the inter-molecular H-H distance larger than 3.5 Å the E HH does not depends on the angular parameters . However, for shorter H-H separations the anisotropic part of E HH starts to play a role; note that for the systems, where the inter-system H-H distances are below 3.5 Å, the use of the one-dimensional representation leads to a systematic overestimation of the interaction energies (except for TPSS where it can be over-or underestimated). Nevertheless, for the systems investigated here, the inter-molecular H-H distances are always above 3.5 Å. A similar analysis can be performed for the E CH and E CC corrections, however, it cannot be easily visualized as for E HH (Fig. 5) . The E HH , E CH , and E CC contributions to E reported in Tables  2 and 3 and E CC components depend on the dimensionality of the correction surface significantly more than the E HH component.
It is apparent that the errors due to approximations in the reference set and in the complexity of the correction surfaces correlate. This can be understood in terms of analysis of the electrostatic component of the interaction energy of the Eth…Bz and Bz…Bz complexes that is driven by the quadrupole-quadrupole interaction in both cases. The quadrupole moment ( ) is underestimated at the DFT level (-23.0, -24.1, -24.5 x10 -40 C.m 2 using the BLYP, TPSS, and PBE functionals, respectively) compared to the reference CCSD(T)/AVTZ level (-26.1x10 -40 C.m 2 ). The electric quadrupole of the ethylene is also underestimated at the DFT level compared to CCSD(T), but to a smaller extent than in the benzene. Consequently, the -DFTD correction scheme implicitly includes some correction of the electrostatic -interaction.
CC
obtained from set A implicitly includes smaller correction of the -interaction of the ethylene dimer; using these correction functions for the benzene dimer results in an insufficient correction of the -interaction. On the contrary, the set B includes the Eth…Bz complex, thus, the CC correction functions account better for the error in the description of the benzene. This is clear from the results in Table 3. It follows that the anisotropy of the E correction reported here is for a large part due to the DFT deficiency to describe the electric moments of monomers precisely. The -DFTD correction scheme can only fix the problems connected with the electrostatic component of the interaction when the monomer molecules are included in the reference set.
CONCLUSIONS
A novel DFT/CCSD(T) correction scheme denoted as -DFTD was proposed for precise calculations of weakly interacting molecular systems. Main features distinguishing the -DFTD method from a general DFTD approach are: (i) A proper treatment of the anisotropy of the DFT/CCSD(T) corrections is achieved by introducing the dependence into the DFTD equations, and (ii) The -DFTD calculation involves neither adjustable parameters (C 6 coefficients) nor artificial constraints on the functional form of the -DFTD correction (damping functions, combination rules). In this work the reliability and accuracy of the proposed method are clearly demonstrated on the ethylene-benzene and benzenebenzene complexes. Using the PBE exchange correlation functional and reference set B, the -DFTD results for the benzene dimer are within 0.1 kcal/mol of the reference CCSD(T)/AVTZ level for all the considered structures, despite the fact that the benzene dimer is not included in the reference set.
Particular attention is paid to the analysis of assumptions commonly used in the DFTD calculations. We believe that the -DFTD method represents a valuable analytic tool that can be used for better understanding of the behavior and limits of the currently used empirically corrected DFT approaches. From this point of view the results of the present study can be summarized as follows:
The role of the anisotropy increases with simplifications in the reference set. The -DFTD anisotropy can be measured as an angular dependence of the DFT error with respect to the reference level of theory. Thus, we conclude that the mean n ( ) S n ( ) energy difference increases with n (vertical arrow in Fig. (4) ). The anisotropy effect for the exact reference set ( In order to unambiguously clarify observed behavior of -DFTD we plan to investigate the DFT errors in more detail including errors originated in the DFT description of monomers. Obviously, some DFT errors may not be transferable, and only way around is a better choice of the reference system. Thus, we plan to employ the proposed computational methodology for the construction of the global PES of selected PAH clusters using the extended set of the S n ( ) models.
